A bainitic microstructure with fine ferrite plates (20 to 40 nm) in a matrix of high-carbon retained austenite, obtained by isothermal transformation at 200°C, was characterized with an energy-compensated optical position-sensitive three-dimensional atom probe. The average carbon concentration in the austenite was found to be 8.0±1.6 at.% and in the bainitic ferrite 1.1±0.7 at.%. The latter concentration is much higher than expected from paraequilibrium between austenite and ferrite, and the austenite carbon concentration is found to be slightly higher than the T 0 limit.
Introduction
A high-strength steel has recently been developed by isothermal transformation of austenite to produce very thin plates (20-40 nm) of bainitic ferrite. This microstructure is achieved by transformation at temperatures as low as 200°C [1] [2] [3] [4] for time periods as long as many days. The low transformation temperature is achieved by the use of a high average carbon concentration and to some extent, substitutional solutes such as manganese. The silicon concentration is such that the precipitation of carbides from austenite is prevented during the bainite reaction. The microstructure following isothermal transformation is quite simple, a mixture of bainitic ferrite and carbon-enriched retained austenite. The austenite occurs either as films between the ferrite plates or as fine blocks bounded by bainite sheaves [1] [2] [3] [4] .
X-ray diffraction analysis of the retained austenite has shown that it is enriched in carbon to a concentration close to T 0 boundary, as expected from the incomplete reaction phenomenon [5] . The T 0 boundary on a temperature versus carbon concentration plot is the locus of points at which the Gibbs free energies of austenite and ferrite of identical composition are equal. The X-ray analysis also revealed a considerable supersaturation of carbon in the bainitic ferrite [1] [2] [3] [4] . Similar supersaturation has been measured previously using atom probe analysis [6, 7] and convergent beam electron diffraction analysis [8] in low-carbon steels. This supersaturation was attributed to the trapping of carbon at the dislocations [5] in the bainitic ferrite.
The compositional studies of the new high-carbon bainite of interest have been performed using X-ray lattice parameter measurements. They represent coarse measurements whereas the scale of the microstructure is very fine. It was therefore decided to use the atom probe to obtain more detailed information, particularly of the fine scale distribution of carbon. The three-dimensional atom-probe used has the ability to collect large quantities of atomic data, which can then be compared against theory.
Experimental
The composition of the steel is given in Table I . These samples were prepared from a billet of 25 kg. After casting the ingot was cooled to ambient temperature, then hot rolled into plate 40 mm thick and 75 mm wide. Sections of approximately 40mm x 40 mm x 75 mm were machined, homogenized for 48 h at 1200°C. Care was taken to avoid martensite formation by slowly cooling the sample after each heat treatment. Rods of 3 mm in diameter were then made by electrical spark erosion and sealed in quartz tubes with an argon atmosphere at 0.9 bar. They were then austenitized by placing in an oven preheated to 500°C followed by continuous heating to 1000°C where they were held at that temperature for 15 min. After austenitization, the rods were removed from the quartz tubes and allowed to cool to the isothermal transformation temperature of 200°C and were held at that temperature for 12 days. The heat treatment is based on a measured TTT diagram (see Fig. 1a ) from the same alloy [9] . Detailed transmission electron microscopy on the present microstructure has been reported elsewhere [9] but a typical microstructure is shown in Fig. 1b . Atom probe tomography characterizations were performed in the ORNL energy-compensated optical position-sensitive atom probe (ECOPOSAP). The experiments were performed at a specimen temperature of 60 K, a pulse repetition rate of 1.5 kHz, and a pulse fraction of 20% of the standing voltage. The data were analyzed using the standard procedures given in the reference [10] . 
Results and Discussion
A typical atom probe result is shown in Fig. 2 . The atom map shows a projection of the carbon atom positions in thee dimensions obtained from a large data set. The corresponding concentration profiles from a selected volume of (5 nm ¥ 5 nm ¥ 340 nm) are shown in Fig.  3 . The error bars for each concentration point are calculated based on the procedures given in reference 10. The measurements show alternating carbon-enriched and carbon-depleted regions. The variations in the degree of enrichment are large. It is important to note that the carbon fluctuations in the austenite and ferrite do not correlate with substitutional solute concentrations. The measured fluctuations of Cr, Si and Mn shown in Fig. 3 are within the calculated uncertainties and consistent with the substitutional lattice being configurationally frozen during transformation.
As the atom probe analyses generally do not give crystallographic information, carbon enrichment beyond the average value of 3.3 at. % is assumed to represent a region of austenite. This indicates the presence of austenite phases at the marked distances. The morphology of these ferrite and austenite regions can be compared to a typical transmission electron microscope image shown in Fig. 1b . There is striking similarity of concentration fluctuations with the scale of the bainitic ferrite plates and austenite films.
The enrichment of austenite (> 8 at.%) with carbon is expected when some of the excess carbon partitions from the bainitic ferrite following transformation [5] . The maximum enrichment of carbon in the austenite at 73 nm distance was found to increase to a maximum of 12 at.% on making the selected volume perpendicular to the austenite-ferrite interface.
The data from the ferrite regions also show carbon enrichment that is in agreement with previous X-ray studies [1] [2] [3] [4] . The presence of excess carbon in the ferrite is a consequence of the displacive mode of transformation, and its retention within the ferrite is thought to be associated with the stability of carbon within defects in the ferrite [5] . These defects trap the carbon atoms as originally suggested by Kalish and Cohen [11] . The trapping prevents the carbon from partitioning into austenite and from precipitating within the ferrite. There are detailed variations in the carbon within the austenite, for example at 100 to 150 nm [see Fig.  3 ], which are as yet unexplained.
Another example from a small data set sampling austenite and ferrite is shown Fig. 4 and 5. As in Fig. 2 , this atom map is the projected image of the three-dimensional position of carbon atoms. Fig. 5 shows the concentration profile across the austenite and ferrite phases, with a sampling volume (marked in the atom image in Fig. 4 ) approximately perpendicular to the austenite-ferrite interface. These data show that the average carbon concentration of austenite is 8.0±1.6 at.% and of ferrite is 1.1±0.7 at.%. The carbon concentration variation across the interface is not sharp. Similar to the results in Fig. 2 and 3 , there is no correlation between austenite and ferrite carbon concentrations to any substitutional solute concentration.
There is no partitioning of substitutional elements during the bainite transformation.
The measured data are compared with paraequilibrium phase diagram calculated for the steel (Table 1) [12]. The calculated and the measured ferrite and austenite compositions are compared in Fig. 6a . The calculated paraequilibrium concentration of carbon in ferrite is so low that it overlaps with the y-axis for the scales illustrated. The calculations show that there is excess carbon in the ferrite, well beyond the 0.05 at. % expected from paraequilibrium with austenite at 200°C. The average austenite carbon concentration is also somewhat higher than that of expected T 0 limit. To evaluate the sensitivity of thermodynamic information and T 0 point at 200°C, further calculations were performed using ThermoCalc® software [13] and Thermo-Tech Iron database [14] . These calculations also show [see Fig. 6b ] that the austenite carbon concentration is higher than the predicted T 0 concentration. To provide a better perspective of these comparisons, histograms of measured carbon concentrations from figures 3 and 5 are shown in Fig. 6c . The data show that the measured austenite carbon concentrations vary over a wide range. Earlier X-ray diffraction studies of the austenite composition showed good agreement with T 0 at 200°C [5, 6] . These are average results whereas, the atom probe results has a much higher spatial resolution. Nevertheless, the lower limit of austenite carbon concentration measured in atom probe is closer to the T 0 curve, which may be considered as agreement with theoretical models for bainitic transformation.
The reasons why the concentration may be somewhat in excess of T 0 have been discussed previously [5, 6] . Carbon can continue to partition into isolated regions of austenite although transformation to bainite cannot occur once the concentration reaches that given by the T 0 curve.
Conclusions
An energy compensated optical position sensitive atom probe was used to analyze the nanoscale distribution of carbon and other substitutional solutes in a low temperature bainitic microstructure consisting of a mixture of bainitic ferrite plates in a retained austenite matrix. Atom probe microanalysis showed a wide distribution of carbon concentrations in both ferrite and austenite. The measured average carbon concentration in the austenite was 8.0±1.6 at.% and the maximum concentration was 12.0±1.3 at.%. The measured average carbon concentration in bainitic ferrite was 1.1±0.7. In ferrite regions close to the austenite, the maximum ferrite carbon concentration was 1.8± 0.4 at.%. The ferrite carbon concentrations are higher than the expected paraequilibrium solubility levels. The results are consistent with previous atom-probe data on low carbon steels and confirm the X-ray data, which indicated excess carbon to persist in bainitic ferrite. 
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